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Abstract 
Geochemical trapping has been regarded as the safest process to transfer carbon dioxide (CO2) gas into carbonate 
mineral during geological sequestration. Carbonate mineralization takes advantage of permeability reduction to seal 
formations, thereby leading to decreasing CO2 leakage risk and increasing storage safety. As precipitation rates tend 
to be faster, and the solubility product shows lower values at higher temperatures, CO2-saturated groundwater reacts 
with calcite- and kaolinite-rich rocks to form the carbonate deposits in geothermal reservoirs. In the laboratory-scaled 
experiments, supersaturated carbonate fluid flowed into a column over a wide range of temperature, pH, and 
concentration of CO2, which affected the further growth rates of carbonates. The reduction of injectivity controls the 
fluid flow velocity that governs the distribution of the deposit amounts, and the SI product and CO2 concentration of 
reactants can be effective for predicting the required time for clogging phenomena to occur. 
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1. Introduction 
Mineral precipitation in fluid flow pathways can lead significant changes of the permeability and the 
porosity. Carbonated water-rock interaction can be applied to CO2 sequestration because the geochemical 
trapping takes advantage of permeability reduction to seal formations with a decreasing risk of CO2 
leakage and increasing CO2 capture safety [1]. CO2- saturated ground water reacts with Ca- rich rocks 
rapidly at high temperature owing to the decrease of carbonate solubility. High pressure and high 
temperature flow experiments were performed under the hydrothermal condition for CO2 mineralization 
[2]. Precipitation kinetics of calcite were examined [3] and fitted to second order expressions at elevated 
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temperatures [4]. In this study, supersaturated carbonated fluids were used to understand the precipitation 
process with temperatures, pH, and concentration effect. 
2. Experimental setup 
Laboratory scaled experiments were performed using supersaturated carbonate fluids (S.I.= 0.85~1.71) 
at the various range of temperature (20 to 185 ºC) and pH (6 to 11). The chemical compositions of 
solutions were determined by ICP-MS, ICP-AES and ion chromatography (Table 1). The saturation index 
(S.I.) is defined as log(Q/Ksp) where Q is the ion activity product and Ksp is the solubility product for the 
reaction. Positive, zero, or negative S.I. values indicate mineral supersaturation, equilibrium, or 
undersaturation, respectively. As the density of glass beads is the same as granodiorite rock cuttings, 
spherical glass beads were adopted to implement numerical simulations for convenience. 
 
 Table 1. The concentration of chemical compositions for the various fluid sampling (S.I. are indicative of 
the outlet solutions) 
2.1.  Column test at high temperature 
Almost the same experiment was performed under conditions similar to the Ogachi HDR site, Japan. 
The equipment setup is illustrated in Fig. 1(a). The column consists of a cylindrical chamber with the 
inside diameter of 4 cm and the height of 50 cm. A section of granodiorite core from 998 m depth in the 
production well was crushed and sieved to 1~2 mm diameter rock cuttings. The rock fragments, which 
density is 2.66 g/cm3, were packed into the column. The porosity of rock cuttings was measured at 0.27, 
which was derived from the volume of the saturated water and the volume of the column. The injection 
pipe was positioned at the top of the column and fluid flowed downward at 5.5 cm3/s initial flow rate for 
4 days while average temperature inside the column was kept constant at 185 °C. Flow rates, temperature, 
and pressure within the column were monitored every hour. Differential total head between the inlet and 
the outlet was 5 kPa regarded as 50-cm-length column. 
2.2. Column test at high concentration of reactant 
The Matsushiro hot spring in Japan was suitable for column tests as fluid was supersaturated with 
carbonate mineral at neutral pH (6.7). This fluid was injected into the column at 49 °C during about 2 
days (43 hours). The equipment setup is designed to change the differential total head (Δh), which was 
kept at 42 cm, by adjusting points between overflow and discharge as shown in Fig. 1(b). The SUS 
column consists of a cylindrical chamber with the inside diameter of 4.3 cm and the height of 40 cm. 
Seven manometers at intervals of 5 cm were installed on the side of columns to indicate the pressure head 
by the difference in fluid levels at each locations. In order to measure the pressure automatically, fluid 
pressures at each point of 5 cm, 10 cm, 15 cm, 25 cm, 35 cm was measured with digital pressure sensors 
(Keyence, GP-M010). The column is packed with glass beads that are 2 mm average in diameter and 2.50 
 pH 
(-) 
S.I. 
(-) 
Na 
(mg/L) 
K 
(mg/L) 
Ca 
(mg/L) 
Mg 
(mg/L) 
Cl 
(mg/L) 
SO4 
(mg/L) 
SiO2 
(mg/L) 
SO4 
(mg/L) 
Fe 
(mg/L) 
Mn 
(mg/L) 
TCO2 
(mg/L) 
Ogachi 6.2 1.71 190 0.5 280 0.6 320 9 28 9 5.2 0.07 620 
Matsushiro 6.7 0.85 4300 450 850 280 8600 210 170 210 11 1.3 1800 
Namikata 11.3 0.96 47 2 18 0.2 66 7.5 12 7.5 0.007 <0.001 13 
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g/cm3 density. The initial porosity of this packed column was 0.39, which was determined by the volume 
of water in pore and the volume of the column. 
2.3. Column test at high pH 
The groundwater enriched in CaCO3 from a tunnel at Namikata LPG stockpiling base in Ehime 
Prefecture, Japan was used for our column test and showed high pH (= 11) due to interaction with 
cement. In the tunnel, there is so much carbonate precipitation that we used one of the groundwater with 
high pH for our experiments. This fluid flowed into the column at 20 °C for 25 days and the initial flow 
rate was 13.3 cm3/s. The equipment setup is designed to maintain the differential total head (Δh = 100 
cm) constant by keeping points of overflow and discharge fixed as shown in Fig. 1(c). The column is a 
rectangular, parallel piped chamber with 50 cm-long sides and 4 cm square on a side and packed with 
glass beads that are 2 mm average in diameter and 2.50 g/cm3 density. The initial porosity was 0.29, 
which was determined by the volume of the water in pores and the column. 
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Fig. 1. The validation of cubic law with fracture apparatuses at (a) high, (b) medium, and (c) room temperature. 
 
3. Results and discussions 
Discharge flow rates were compared in different temperature, pH, and concentration of reactants as 
shown in Fig. 2(a). In the case of high temperature (Ogachi), flow rate declined up to 20 % of initial flow 
rate for about 4 days. Pressure in the high-temperature high-pressure apparatus increased from 2 MPa to 6 
MPa gradually. The observation of pressure and flow rate suggests that the detection of clogging 
mechanism may have been effective. For the high CO2 concentration type (Matsushiro), flow rate 
maintained constant during a day and then began to decrease up to about 20 % of initial flow rate during 
about 2 days. In contrast, the high pH type (Namikata) showed that flow rate decreased by 20 % of initial 
flow rate within 14 days since injection. 
 
923 SeungYoul Yoo et al. /  Procedia Earth and Planetary Science  7 ( 2013 )  920 – 923 
 
Amount of total Ca defined as the mass of Ca particles deposited per initial unit pore volume was 
measured by ICP-AES as shown in Fig. 2(b). For the case at Ogachi and Namikata, the amount of Ca 
decreased exponentially with distance from the inlet due to low initial fluid velocity (u = 1.6~1.8cm/s). 
On the other hand, the amount of Ca in deposits was distributed with respect to distance uniformly for the 
case at Matsushiro because of relatively higher initial fluid velocity (u = 4.8 cm/s). From these results, the 
fluid flow velocity can govern the spatial distribution of the Ca-deposits. 
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Fig. 2. (a) Comparison of discharge flow rate curves  (b) Amount of deposited Ca with distance from the inlet (c) 
Correlation with S.I x a[CO2] and required clogging time. 
4. Conclusions 
S.I. of carbonate mineral indicates higher values as pH becomes higher in despite of lower 
concentration of Ca2+ and HCO3- for examples in Namikata case. In addition, the concentration of 
reactants such as Ca and CO2 can contribute directly to the crystal growth rate of carbonate mineral [5]. In 
other words, consideration of both S.I. and concentration of chemical reactants (Ca and CO2) is effective 
to predict the required time for clogging. When fluid contains a large amount of reactants even if S.I. is 
relatively low, a large amount of carbonate mineral is likely to precipitate in porous media. The large 
order of S.I. x [CO2] indicates Matsushiro, Ogachi, and Namikata consequently in Fig. 2(c). This result 
agreed with the order of required clogging time which was defined as duration by when the flow rate 
declined up to 20 % of initial flow rate. Therefore, not only S.I. but also concentration of reactants should 
be considered to clear the clogging mechanism of carbonate mineral precipitation. 
In addition, the permeability of porous media is not clear when and where calcite deposits with the 
amount of precipitation. In order to predict the time and space of clogging with carbonates precipitation, 
numerical simulation with the advection-reaction equation could be promising at various conditions. 
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